Introduction
Nonsteroidal anti-inflammatory drugs (NSAIDs) function by inhibiting cyclooxygenase in the arachi- Flunixin meglumine is an NSAID that is prescribed in veterinary clinics to treat inflammation and pain.
Fluoroquinolone antimicrobials inhibit DNA synthesis and show bactericidal activity against gram-negative aerobes, gram-positive bacteria, and mycoplasmas. Enrofloxacin is a fluoroquinolone that is specifically marketed for use in veterinary medicine to treat respiratory and urinary tract infections [4, 9, [13] [14] [15] .
NSAIDs and antimicrobials are frequently coadministered to improve clinical signs. However, it has been reported that the distribution and elimination of antimicrobials are altered when they are coadministered with NSAIDs [3, 16] . Further, in a previous paper, we reported that coadministration of flunixin and enrofloxacin in dogs resulted in the delayed elimination of these drugs [8] .
The purpose of this study was to further investigate the pharmacokinetic interactions between flunixin meglumine and enrofloxacin in male ICR mice.
Materials and Methods

Animals
Male ICR mice (5 to 6-weeks-old, body weight 25-30 g) that were purchased from Saitama Experimental Animals Supply (Sugito, Japan) were used in the experiment. We used ICR mice in the present study because they are widely used in scientific studies. All the mice were in good health throughout the experiments, and all the experiments were conducted in accordance with the National Veterinary Assay Laboratory Guide for the Care and Use of Experimental Animals.
Experimental design
The experiments were performed as follows: in Experiment 1, mice were administered with flunixin alone (2 mg/kg, subcutaneously (SC)); in Experiment 2, mice were coadministered with flunixin (2 mg/kg, SC) and enrofloxacin (10 mg/kg, SC); and in Experiment 3, mice were administered with enrofloxacin alone (10 mg/kg, SC). The dosage of enrofloxacin was determined by reference to a study that was reported previously [2] , and 10 mg/kg was chosen as twice the dosage that was approved for dogs in that study. The drug solution was adjusted to the same volume with distilled water following single administration and coadministration, and the solution was injected at the same site in each experiments. Blood samples were collected from the inferior vena cava under anesthesia with diethyl ether. Samples were collected at 5, 15 and 30 min, and 1, 2, 3, 4, 5 and 6 h after drug administration. The blood samples were collected from six mice at each time point. Plasma was isolated by centrifugation at 2000 × g for 10 min and stored at -80°C until assay.
Analytic methods
Flunixin concentrations in plasma were determined by high performance liquid chromatography (HPLC) as described in a previous report [8] . Plasma samples were extracted with potassium phosphate buffer (0.3 mmol/l; pH, 3.5) and diethyl ether. The system consisted of a pump (880-PU, Jasco Corp, Tokyo, Japan), an automated sampler (L-7250, Hitachi Ltd, Tokyo, Japan), a column oven (CO-965, Jasco Corp, Tokyo, Japan), an ultraviolet detector (875-UV, Jasco Corp, Tokyo, Japan), and an integrator (C-R6A chromatopac, Shimadzu Corp, Kyoto, Japan). Standard curves had correlation coefficients of >0.999 (between concentrations of 0.05 and 10 µg/ml). The intra-assay and inter-assay coefficients of variation were 1.0% and 1.6%, respectively.
The concentrations of enrofloxacin and its metabolite ciprofloxacin in plasma were also assayed by reverse-phase HPLC/UV (the above-mentioned system) detection as previously described [8] . Plasma drug extraction was performed by chloroform. The standard curve for enrofloxacin was linear between concentrations of 0.05 and 10 µg/ml (correlation coefficient, >0.999). The standard curve for ciprofloxacin had correlation coefficients of >0.999 (between concentrations of 0.01 and 1 µg/ml). The intra-and inter-assay coefficients of variation for enrofloxacin were 1.1% and 1.4%, respectively, and for ciprofloxacin they were 0.3% and 1.5%, respectively.
Pharmacokinetics analysis
The pharmacokinetic parameters were determined using a computer software program (WinNonlin 4.1, Pharsight, California, USA.). Calculations were performed using non-compartmental methods. In brief, C max was the highest plasma concentration, and T max was the earliest time at which C max occurred. The terminal rate constant (λ Z ) was obtained from the slope of the regression line at least three data points. The terminal half life (t 1/2(λz) ) was 0.693/λ Z . Area under the curve (AUC) was calculated by using trapezoidal methods.
Statistical analysis
The comparisons of pharmacokinetic parameters between single administrations and coadministrations of flunixin and enrofloxacin were performed by using the Wilcoxon rank-sum test. A value of P<0.05 was considered significant.
Results
Pharmacokinetics of flunixin meglumine
The mean plasma flunixin concentrations were determined following flunixin administration alone or after its coadministration with enrofloxacin (Fig. 2) . During the period from 5 to 15 min, the mean plasma flunixin concentrations after the administration of flunixin alone were higher than those after its coadministration with enrofloxacin. Further, the plasma flunixin concentrations during the period from 30 min to 6 h after the administration of flunixin alone were lower than those after its coadministration with enrofloxacin. The equation parameters derived from the pharmacokinetic constants of flunixin following the administration of flunixin alone or its coadministration with enrofloxacin were determined (Table 1 ). Significant changes were detected in the pharmacokinetics of flunixin following its coadministration with enrofloxacin. The coadministration of the two drugs resulted in a 41% increase of the AUC and a 53% extension of the t 1/2(λz) for flunixin; T max for flunixin was 2.75-fold higher than that after the administration of flunixin alone. Accordingly, after coadministration of the two drugs, λ Z and C max for flunixin decreased by 34% and 33%, respectively, as compared to that after the administration of flunixin alone.
Pharmacokinetics of enrofloxacin
The mean plasma enrofloxacin concentrations following the administration of enrofloxacin alone or its coadministration with flunixin were determined (Fig. 3) . Until 2 h after drug administration, the plasma enrofloxacin concentrations after the administration of enrofloxacin alone were slightly lower than those after its coadministration with flunixin. In the 3 to 6 h period, the plasma enrofloxacin concentrations following the administration of enrofloxacin alone or its coadministration with flunixin were observed to be almost similar. The pharmacokinetic parameters of enrofloxacin following its independent administration or its coadministration with flunixin were determined ( Table 2) . No significant differences in the pharmacokinetic parameters of enrofloxacin were observed following its coadministration with flunixin.
Plasma ciprofloxacin concentrations
The level of ciprofloxacin, the metabolite of enrofloxacin, was very low or undetectable in mice plasma following enrofloxacin administration or its coadministration with flunixin.
Discussion
We examined the pharmacokinetics of enrofloxacin and flunixin in mice that were SC administered with both or either one of the drugs. Plasma drug concentrations were determined by HPLC.
In the initial period of the experiment, from 5 to 15 min after drug administration, the mean plasma flunixin concentrations after the administration of flunixin alone were higher than those after its coadministration with enrofloxacin. However, in the later period, from 30 min to 6 h following its coadministration with enrofloxacin, flunixin concentrations were higher than those after its independent administration. The concentrations versus time profiles of flunixin depicted an extension in T max and a decrease C max following its coadministration with enrofloxacin. It is considered that the extension of T max for flunixin was due to the inhibition of flunixin absorption following coadministration of enrofloxacin. There is a possibility that a mixed solution of enrofloxacin and flunixin may affect the absorption site, although, no specific change was observed in any mice. However, our previous study on dogs indicated that the mean plasma flunixin concentrations after its coadministration with enrofloxacin were always higher than those after its independent administration [8] . Similar to the study on dogs, λ Z for flunixin decreased, and t 1/2(λz) for flunixin increased in mice. This finding indicates that the coadministration of flunixin and enrofloxacin results in a delayed elimination of flunixin. The plasma enrofloxacin concentrations in mice after the administration of enrofloxacin alone were similar to those after its coadministration with flunixin. Further, no significant differences were detected in the pharmacokinetics of enrofloxacin following its coadministration with flunixin. In contrast, our previous study on dogs indicated that the coadministration of flunixin and enrofloxacin induces a delayed elimination of enrofloxacin [8] . The differences in the pharmacokinetics of the drugs between dogs and mice suggest that drug elimination patterns differ among species.
It has been reported that enrofloxacin is deethylated to ciprofloxacin in many animal species [1, 5, 6, 11] . However, in this study, ciprofloxacin could not be detected in mice plasma following the administration of enrofloxacin alone or its coadministration with flunixin. Similarly, other studies on pigs have reported that ciprofloxacin could not be detected in the plasma after the intramuscular and intravenous injection of enrofloxacin [12] .
Taken together these results show that coadministration of flunixin and enrofloxacin resulted in a delayed elimination of flunixin in both dogs and mice. On the other hand, enrofloxacin pharmacokinetics did not differ after its coadministration with flunixin in mice, whereas this coadministration with flunixin induced a delayed elimination of enrofloxacin in dogs.
A possible explanation for this species-dependent flunixin and enrofloxacin interaction in mice is that there exist differences in the metabolism and elimination patterns of enrofloxacin between species. For instance, significant variation in the metabolism of enrofloxacin has been observed in many animal species. Further, it has been reported that enrofloxacin is metabolized to ciprofloxacin in many animals [1, 5, 6, 11] ; however, in the present study ciprofloxacin was not detected in mice plasma after enrofloxacin administration. In addition, it has been reported that the elimination of enrofloxacin in mice was fastest among five animal species [2] . This rapid elimination of enrofloxacin in mice is consistent with the results obtained in this study.
Studies using human and rat hepatic microsomes have reported that fluoroquinolones inhibit cytochrome P-450 1A (CYP1A) and cytochrome P-450 3A (CYP3A) activities [7] . It has also been reported that fluoroquinolones inhibit the CYP1A activity in the hepatic microsome in dogs [10] . However, to our knowledge, few studies have reported that enzyme inhibition is related to enrofloxacin in mice. Therefore, it is important to identify the drug metabolism enzyme related to enrofloxacin by an in vitro study. In vitro studies on mice microsomes may clarify the speciesdependent flunixin and enrofloxacin interaction.
In conclusion, it is clear that the pharmacokinetics of flunixin in mice are altered by its coadministration with enrofloxacin. This result is similar to that obtained in dogs. However, species differences in the pharmacokinetic interactions of flunixin and enrofloxacin are apparent between dogs and mice. In future studies we will research the differences in drug metabolism, including enzyme induction and enzyme inhibition. Future studies should aim to clarify the mechanism of the pharmacokinetic interactions between flunixin and enrofloxacin in mice.
